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Abstract
Although the RCS rat is widely used as a model of progressive photoreceptor loss, it is unclear how the relative rod and cone
functions change with age. Rod and cone b-waves were isolated using a double ﬂash ERG paradigm. In contrast to cones, rods never
reached normal functional maturity levels, and the ERG b-wave changed from being predominantly rod-driven to being purely
cone-driven by age 74 days, at which point, b-waves were progressively replaced by negative STR-like (scotopic threshold response)
waves that persisted up to age 180 days. A double ﬂash commonly abolished this wave and unveiled a b-wave.
 2004 Elsevier Ltd. All rights reserved.
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Degeneration of photoreceptors as a result of disor-
ders aﬀecting either the photoreceptors themselves or
the associated retinal pigment epithelium (RPE), repre-
sents the leading cause of blindness in humans for which
no suitable treatment exists. These include age related
macular degeneration (AMD), retinitis pigmentosa
(RP), and associated diseases. A common feature of
many of these blinding diseases is the initial loss of
rod function followed at later stages by the loss of cone
function (Al-Maghtheh, Gregory, Inglehearn, Hardcas-
tle, & Bhattacharya, 1993; Kajiwara, Berson, & Dryja,
1994; McLaughlin, Ehrhart, Berson, & Dryja, 1995).
Animal models have been used extensively to explore
potential therapeutic approaches that might eventually
be transferred to the clinic. One of these is the Royal
College of Surgeon (RCS) rat, in which a recessive mu-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: yves.sauve@hsc.utah.edu (Y. Sauve´).tation in a receptor tyrosine kinase gene, Mertk (DCruz
et al., 2000), precludes RPE cells from phagocytosing
shed rod outer segments eﬀectively. This leads to the
progressive death of rods (Bourne, Campbell, & Tans-
ley, 1938; Dowling & Sidman, 1962), rhodopsin being
undetectable by the second postnatal month (Delmelle,
Noell, & Organisciak, 1975). It is autologous to a re-
cently discovered form of RP (Gal et al., 2000), and
by virtue of the RPE being the primary cause of the de-
generation, may serve as an analogous model of age re-
lated macular degeneration in the context of treatments
directed at replacing RPE cells or facilitating their func-
tion (Lund et al., 2001). In none of the studies has the
relative eﬀect of receptor loss on rod and cone function
been explored as a background to speciﬁc treatment re-
gimens.
The aim of the present study was to examine this
issue in the RCS rat, using an approach that has clinical
relevance, the ERG (for a review see Nusinowitz, Rid-
der, & Heckenlively, 2002; Peachey & Ball, 2003), to
study the respective function of rods and cones during
the course of retinal degeneration. Rod ERGs are
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conditions are also conducive to cone activation. A dou-
ble ﬂash paradigm (conditioning followed by probe
ﬂash) can be used to isolate cone function. The condi-
tioning ﬂash is used to allow activation of both rods
and cones. This ﬂash saturates the rods, rendering them
unresponsive to the probe ﬂash, providing the inter-
stimulus interval is short enough (Birch, Hood, Nusino-
witz, & Pepperberg, 1995; Lyubarsky, Falsini, Pennesi,
Valentini, & Pugh, 1999; Nixon, Bui, Armitage, & Vin-
grys, 2001). Using this approach, the extent of the cone
contribution to the ERG can be isolated, and by sub-
traction of the second from the ﬁrst response, the rod
contribution can be derived.
We have used this double-ﬂash paradigm to study the
changes with age in the respective contribution of rod
and cone pathways in RCS rats. In addition, photopic
recordings were used in order to deﬁne speciﬁc cone re-
sponsiveness in more detail.2. Methods
2.1. Animals
This work has been done using pigmented RCS rats
(LaVail, Sidman, & Gerhardt, 1975), both dystrophic
(RCS rdy+ p+, n=64) and non-dystrophic congenic
(RCS rdy p+ , n=44). All animals used in this study
were bred in a colony at the University of Utah, and
maintained under a 12 h light/dark cycle (light cycle
mean illumination: 30 cd/m2). They were housed and
handled with the authorization and supervision of the
Institutional Animal Care and Use Committee from
the University of Utah. Every procedure conformed to
the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research.
2.2. ERG recordings
Following overnight dark adaptation, animals were
prepared for ERG recording under dim red light, as pre-
viously described (Sauve´, Lu, & Lund, 2004). In brief,
under anesthesia with a mixture of ketamine (150 mg/
kg i.p.) and xylazine (10 mg/kg i.p.), the head was se-
cured with a stereotaxic head holder and the body tem-
perature monitored through a rectal thermometer and
maintained at 38 C using a homeothermic blanket. Pu-
pils were dilated using equal parts of topical phenyleph-
rine (2.5%) and tropicamide (1%). Topical anesthesia
with 0.75% bupivacaine was used to prevent any corneal
reﬂexes and a drop of 0.9% saline frequently applied on
the cornea to prevent its dehydration and allow electri-
cal contact with the recording electrode (gold wire loop).
A 25-gauge needle inserted under the scalp, between the
two eyes, served as the reference electrode. Ampliﬁca-tion (at 1–1000 Hz bandpass, without notch ﬁltering),
stimulus presentation, and data acquisition were pro-
vided by the UTAS-3000 system from LKC Technolo-
gies (Gaithersburg, MD). ERGs were recorded at the
following time points (age in days, number of non-dys-
trophics, and dystrophics): 18–19 (5,5); 21–22 (5,9);
29–31 (8,5); 41–42 (4,5); 51–53 (2,5); 59–62 (1,4); 74
(0,5); 80 (0,3); 86–94 (4,6); 103–110 (3,4); 150–153
(3,4); 180–184 (3,3); 208–212 (3,3); and 246–256 (3,3).
2.2.1. Mixed b-wave
For the quantiﬁcation of dark-adapted b-waves,
recordings consisted of single ﬂash presentations (10 ls
duration), repeated 3–5 times to verify the response reli-
ability and improve the signal-to-noise ratio, if required.
Stimuli were presented at six increasing intensities in one
log unit steps varying from 3.6 to 1.4 logcds/m2 in
luminance. To minimize the potential bleaching of rods,
inter-stimulus intervals were increased as the stimulus
luminance was elevated from 10 s at lowest stimulus
intensity up to 2 min at highest stimulus intensity. The
maximum b-wave amplitude was deﬁned as that ob-
tained from the ﬂash intensity series, regardless of the
stimulus intensity. The true Vmax from ﬁtting the data
with a Naka–Rushton curve was not used here because
ERG responses were often erratic at higher luminance
levels in dystrophic animals and showed tendencies for
depressed responses around 0.4 and 1.4 logcds/m2. In
order to determine the age at which ERG components
were obtained or lost, criterion amplitudes were used:
20 lV for a- and b-waves, and 10 lV for STR-like re-
sponses. The amplitude of the b-wave was measured
from the a-wave negative peak up to the b-wave positive
apex, and not up to the peak of oscillations, which can
exceed the b-wave apex (Nusinowitz et al., 2002).
2.2.2. Isolation of rod and cone responses using a double
ﬂash protocol
The double ﬂash protocol was similar to that used by
Nixon et al. (Nixon et al., 2001). A probe ﬂash was pre-
sented 1 s after a conditioning ﬂash, using a speciﬁc fea-
ture of the UTAS-3000 system (LKC Technologies) with
calibrated ganzfeld, assuring complete recharge of the
stimulator under the conditions used here. The role of
the conditioning ﬂash in this paradigm was to trans-
iently saturate rods so that they were rendered unre-
sponsive to the probe ﬂash. Response to the probe
ﬂash was taken as reﬂecting cone-driven activity. A
rod-driven b-wave was obtained by subtracting the
cone-driven response from the mixed response (obtained
following presentation of a probe ﬂash alone, i.e. not
preceded by any conditioning ﬂash).
In preliminary experiments, we manipulated the
intensity of the conditioning ﬂash as well as the inter-
stimulus interval and found that the optimal recording
conditions were achieved with a conditioning ﬂash of
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Under such conditions, Fig. 1 shows how the optimal
value of the conditioning ﬂash was determined. The
probe ﬂash was set at 1.4 logcds/m2, since it gave opti-
mal a- and b-wave amplitudes in non-dystrophics when
presented alone. The b-wave was reduced to a minimum
and a small a-wave, resilient to the double ﬂash regime,
persisted. The stable b-wave suggests that rods are fully
bleached. The residual a-wave is not abolished by
increasing the conditioning ﬂash luminance or changing
the inter-stimulus interval and most likely reﬂects cone
activity, therefore: its average amplitude of 24±3.5 lV
(6.1% of mixed a-wave amplitude) is comparable to
the 20 lV range (5.5% of mixed a-wave) found in mice
using a similar approach (Lyubarsky et al., 1999).
There is a possibility that the kinetics of ERG resen-
sitization following the conditioning ﬂash might be af-
fected by retinal degenerative processes taking place in
RCS rats. A conditioning ﬂash of higher intensity (2.4
logcds/m2) was also used for all animals studied, in
order to conﬁrm the eﬃcacy of 1.4 logcds/m2 in bleach-
ing the rod responses at a 1 s delay. Data obtained with
either conditioning ﬂashes did not diﬀer. This also sug-
gests that cones in dystrophic rats are unlikely desen-
sitized using a 1.4 logcds/m2 conditioning ﬂash since
presentation of a higher luminance conditioning ﬂash
does not further decrease the isolated cone b-wave.
In some cases, averages of 3–5 traces were required to
obtain clear responses: intervals between double ﬂash
presentations were set at 2 min to assure full recovery
of rod responsiveness.
2.2.3. Isolation of ‘‘saturable’’ and ‘‘non-saturable’’ com-
ponent at advanced degenerative stages
In animals aged P150–180, averages of up to 30 pres-
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Fig. 1. Eﬀect of conditioning ﬂash intensity on the amplitude of a- and
b-waves elicited 1 s later by a 1.4 logcds/m2 probe ﬂash. Data was
averaged from four non-dystrophic congenic RCS rats at P30 of age;
errors bars represent SEM.2 min intervals between double ﬂash presentations was
impractical, in that it would require 1 h for each test. In-
stead, averages of 30 single ﬂash presentations with 1 s
intervals between them were compared with similar
number of averages using 10 s intervals between single
ﬂash presentations. The rationale was that 1 s interval
is too short for rod recovery, thus eliminating the contri-
bution of any rod system. Furthermore, photoreceptor
saturation or adaptation would be less at 10 s intervals
compared with 1 s intervals. Therefore, comparison be-
tween these respective averaged responses would allow
isolation of a ‘‘saturable’’ or ‘‘adaptable’’ component.
2.2.4. Additional characterization of cone response using
photopic adaptation
Following ERG recordings under dark-adapted con-
ditions, the animals were light adapted for 15 min to
assure maximal cone output (Ekesten, Gouras, &
Moschos, 1998). Photopic intensity responses (30 cd/
m2 background) ranged from 1.6 to 2.9 logcds/m2
(1.6, 0.6, 0.4, 1.4, 2.4 and 2.9 logcds/m2). A double
ﬂash protocol was applied using ﬂash intensities equiva-
lent to the ones deﬁned for scotopic conditions, i.e. 1.4
logcds/m2 for both ﬂashes, with 1 s intervals. Between
P150 and P180, averages of 30 single ﬂash presentations
were compared using 1 s versus 10 s intervals between
them, in order to isolate ‘‘saturable’’ from ‘‘non-satura-
ble’’ components.
2.3. Statistical analysis
Error values accompanying averages were expressed
as standard errors of the mean (SEM). Comparisons
between two groups were made using: (1) Student
t-test when data followed normal distributions; and (2)
Mann-Whitney U-test when data did not follow a nor-
mal distribution. The probability level at which the Null
Hypothesis was rejected is represented as the value ‘‘p’’;
statistical signiﬁcance was set at p<0.05.3. Results
3.1. A-wave
A-waves were not quantiﬁed in this study. However,
observations were made that in dystrophics both mixed
and isolated rod a-wave amplitudes never reached values
in congenics and decreased to criterion response levels
by P51.
3.2. Mixed b-wave
In non-dystrophic RCS rats, there was a progressive
increase in mixed b-wave amplitude from age P18 to


























Fig. 2. Amplitude of mixed b-wave as a function of age in congenic





Fig. 3. Example of STR-like mixed response (bold), and isolated rod
(thin line) and cone (dotted line) responses using a double ﬂash
protocol in a dystrophic RCS rat at age P102.
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to a smaller peak amplitude (614±83 lV at P22 in dys-
trophics compared with 1010±75 lV at P22 in non-
dystrophics). While values from non-dystrophic rats
reached a plateau at P31, values in dystrophic rats de-
clined from P22 to a ﬁgure of 323±60 lV by P30 and
to criterion response levels by P74–100 (28±26 lV).
The b-waves were replaced by slow negative deﬂections
that persisted up to P180–184 (Fig. 3, middle bold trace).
This negative wave was similar to an STR in both latency
and duration. However, in contrast to a typical STR re-
corded in non-dystrophic animals, its threshold was at
least 3 log units higher and could still be elicited with
increasing ﬂash intensity, instead of being abolished.
3.3. Isolation of rod and cone responses
Fig. 4 illustrates examples of ERG records obtained
by following a double ﬂash protocol in congenic and
dystrophic RCS rats at ages P18, P41 and P60. The con-
ditioning ﬂash elicited a mixed rod-cone response (left
traces), and the probe ﬂash at 1 s delay elicited a pure
cone response (middle traces). The right traces in Fig.4 were obtained by subtracting the middle traces from
the left traces to derive the rod-driven contribution to
the ERG response. Using this protocol, we quantiﬁed the
change in contribution of rods and cones over time to
the dark-adapted b-wave both in normal and dystrophic
RCS rats.
Fig. 5 shows how the absolute amplitude of the rod
(Fig. 5A) and cone (Fig. 5B) contributions to the b-wave
varied with age. In non-dystrophic rats, the rod b-wave
amplitude increased from P18 (523±122 lV) to peak at
P29–31 (894±130 lV). Rod b-wave amplitude reached
stable values from P86 to P256 (628±113 lV). Cone
b-waves also had increased amplitudes beginning at
P18 (186±59 lV) and reaching stable values by P42
(354±49 lV), which were maintained up to P256
(370±45 lV average from P85 to P256).
In dystrophic RCS rats, the rod b-wave amplitude
showed a small but not statistically signiﬁcant increase
between P18 and P21 (288±71 and 388±83 lV respec-
tively), thereafter decreasing rapidly (154±46 lV at
P29–31 and 69±12 lV at P51) and achieving criterion
amplitude levels by P74. Cone b-wave amplitudes, how-
ever, underwent normal development in dystrophic rats
reaching a value of 293±34 lV at P41–42, which is not
statistically diﬀerent from the 354±49 lV recorded in
age-matched non-dystrophic rats. From that point how-
ever they showed a steep decline, reaching stable values
by P74–110 (48±32 lV). At this point, isolated cone
b-waves had similar amplitudes as mixed b-wave re-
sponses, indicating a loss of rod input. After P110, only
negative STR-like waves were obtained using a single
ﬂash, but use of the double ﬂash protocol abolished
the negative wave and in most cases unveiled a typical
positive b-wave (Fig. 3). This could be seen up to P180
of age. Furthermore, between P74 and P110 when the
mixed b-waves represented pure cone b-waves, use of
the double ﬂash protocol led to small increases in
b-wave amplitude, suggesting that the mixed b-wave
was actually superimposed on a negative ‘‘bleachable’’
component during this period.
Fig. 6 shows how the proportion of rod contribution
to the b-wave amplitude changed with age. At P21–23,
rod contribution to the b-wave was slightly smaller in
dystrophic compared with non-dystrophic RCS rats
(62±6% and 69±4% respectively; no statistically signi-
ﬁcant diﬀerence) but declined rapidly thereafter to
46±6% by P30, 32±8% by P42, and 29±6% by P51
and down to 0% by P74. From this time point up to
P110, the latest time point at which b-waves could be
elicited by single ﬂashes, the ERG b-wave was solely dri-
ven by cone-dependent activity.
Finally, one way to compare, in an age-independent
manner, the degree to which rod and cone functions
are aﬀected by RCS retinal degeneration was to plot
the relative (to control) amplitude of the rod response















Fig. 4. Application of the double ﬂash protocol in congenic and dystrophic RCS rats at age P18, P41 and P60. Left traces: mixed response obtained
with a conditioning ﬂash alone. Middle traces: isolated cone response obtained with a probe ﬂash preceded by the conditioning ﬂash. Right traces:
rod response obtained by subtracting the isolated cone response from the mixed b-wave. Stimulus presentation is at beginning of each trace.
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equal degrees of degeneration for rods and cones. How-
ever, a slope lower than ‘‘one’’ was obtained and con-
ﬁrmed that rod function is more aﬀected than cone
function in RCS rats.4. Discussion
The present study has applied a double ﬂash ERG
approach to an animal model of progressive retinal
degeneration, the RCS rat, in order to deﬁne the
changes in rod and cone pathway function over time
and in particular to examine their relative contributions
to the mixed b-wave response.
The ERG b-wave has been widely used to diagnose
various types of retinal degeneration related to photore-
ceptor and/or inner retinal cells in animal studies (Pea-
chey & Ball, 2003). Its amplitude correlates directly
with ON bipolar activity (Stockton & Slaughter, 1989;
Tian & Slaughter, 1995) and as such is most likely, in
cases of photoreceptor dysfunction, to be directly re-
lated to the level of transmission from photoreceptors
to ON bipolar cells via mGluR6 receptors. In this con-
text, the double ﬂash approach provides an important
tool for discriminating the relative eﬃcacy of rods and
cones in driving their respective ON bipolar cells.We have found that in hooded dystrophic RCS rats,
rod-driven activity is already dysfunctional prior to
completion of retinal maturation, which is thought to
be essentially achieved, at the anatomical level, around
P21–22 (Weidman & Kuwabara, 1969; Young, 1983).
The observation that the rod contribution to the mixed
b-wave is already reduced at P18 compared with age-
matched non-dystrophics, and starts declining after
P21, indicates that in functional terms, the rod pathway
does not develop fully in pigmented RCS rats. Most
developmental studies in this rat model have focused
on the albino strain, which makes it diﬃcult to make
correlations. However, the few reports on pigmented
RCS rats do indicate that the rod pathway does not
develop normally. By P15, rod outer segments are dis-
torted (Davidorf et al., 1991), and by P17, the regulation
of phototransduction by arrestin is abnormal (Mirshahi,
Thillaye, Tarraf, de Kozak, & Faure, 1994). Preliminary
experiments involving recordings of light responses from
dark-adapted isolated rods in vitro indicate decrease in
sensitivity in hooded RCS rats at P21 (Niculescu and
Kraft, Soc Neurosci 2003; E-Abstract 816.9). In addi-
tion, light adaptation studies achieved by recording
from the superior colliculus (Girman SV, et al. IOVS
2003;43: ARVO E-Abstract 482) point to diminished
visual sensitivity already by P21. One commonality in
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Fig. 5. Absolute amplitude of isolated rod (A) and cone (B) b-waves as





























Fig. 6. Contribution of isolated rod b-wave to the mixed b-wave as a
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Fig. 7. Percentage of rod b-wave amplitude in dystrophic relative to
congenic RCS rats plotted against comparable measures for respective
cone b-waves. The slope value of 0.60±0.05 implies that rod and cone
responses are unevenly aﬀected by retinal degeneration, rods being
more severely aﬀected than cones. Coeﬃcient of correlation for the
linear regression r2=0.720.
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which isolates the rod system functionally.
As retinal degeneration progresses, the ERG b-wave
changes from being predominantly rod-driven to being
purely cone-driven. This is paralleled by anatomicalobservations. The outer nuclear layer in normal rats is
rod-dominated, cones making up somewhere between
only 0.85% (Sze´l & Ro¨hlich, 1992) and 3% (LaVail,
1976) of the photoreceptor population. Peng, Senda,
Hao, Matsuno, and Wong (2003) report that this pro-
portion rises to around 10.5% (calculated from absolute
values of rod and cone densities) by P35 of age in dys-
trophic RCS rats. Comparable ﬁgures are not available
for older animals. At later degenerative stages, there are
even more substantial changes such as development of
vascular complexes, retinal ganglion cell loss (Villegas-
Pe´rez, Lawrence, Vidal-Sanz, LaVail, & Lund, 1998)
and major neural circuit remodeling (Marc, Jones, Watt,
& Strettoi, 2003). As photoreceptors degenerate (pri-
marily rod loss), rod bipolar cells establish synaptic con-
tacts with cones (Peng et al., 2003), unlike in normal rats
where rod bipolar drive comes exclusively from rod
photoreceptors. In this pathological context, it is plausi-
ble that cone activation might depolarize rod bipolars in
addition to cone bipolars, increasing the positive poten-
tial (b-wave) already produced by the cone bipolar cells
to the ERG (Xu, Ball, Alexander, & Peachey, 2003), and
therefore lead to a higher proportion of cone pathway
contribution to the mixed b-wave, as has been observed
in the present study.
At advanced degenerative stages, vestigial visual re-
sponsiveness is characterized by cone-like properties
(Cicerone, Green, & Fisher, 1979; Noell & Salinsky,
1985; Trejo & Cicerone, 1987). The few remaining pho-
toreceptors are cone-like in morphology (LaVail, Sid-
man, Rausin, & Sidman, 1974), and some possess the
organelles needed for the production of photosensitive
pigments, and might therefore still be capable of mediat-
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sent results indicate that by P80, b-waves are purely
cone-driven. After that time point, the positive cone b-
waves become progressively obscured by the increased
prominence in negative STR-like waves. These negative
waves are the last signs of ERG responsiveness in RCS
rats (Bush, Hawks, & Sieving, 1995) and their murine
analogue, the Mer knockout mouse (Duncan et al.,
2003). In the absence of background illumination, the
STR is seen as a slow negative potential with the lowest
visual thresholds of all ERG components (Frishman &
Sieving, 1995). Based on pharmacological manipula-
tions, the STR has been associated with activity from
cells located in the proximal retina such as retinal gang-
lion cells and amacrine cells (Naarendorp, Sato, Cajdric,
& Hubbard, 2001). Using similar pharmacological ap-
proaches, Bush et al. (1995) have shown that the STR
persists in aged RCS rats, at a time when no other com-
ponents can be elicited. The negative STR-like wave ef-
fectively reduces the b-wave amplitude. This was seen in
aged RCS rats under photopic conditions (Sugawara T,
et al. IOVS 1999;40:ARVO Abstract 118). Intravitreal
injections of NMA (N-methyl-DL-aspartic acid), which
blocks activity from third order neurons, increased the
b-wave in 10 weeks old RCS rats, suggesting that a
negative STR-like component (driven by third order
neurons) is superimposed on the positive b-wave (Mach-
ida et al., 2001). We obtained similar unmasking eﬀects
using a double ﬂash, under both scotopic and photopic
conditions, which suggests that STR-like generators can
be bleached or saturated at advanced degenerative
stages.
There is an increasing number of studies aimed at
treating or preventing retinal degeneration. Most still
rely on anatomical quantiﬁcation alone, and a few on
basic functional tests. The anatomical presence of rods
is not necessarily a predictor of their function. Changes
at the biochemical and synaptic level might lead to
unpredictable changes at the functional level such as in
rod and cone pathways.
A major implication of the present ﬁndings is that
preventive therapies in RCS rats cannot be expected
to completely rescue rod function since it is already
aﬀected at the age of surgery, typically P21–23.
Rescue strategies prior to maturation might interfere
with normal developmental processes and for this rea-
son, its outcome is hard to predict. Cone function ap-
pears unaﬀected at P21–23 and surprisingly, as in
non-dystrophics, the amplitude of the cone b-wave
continues to increase, peaking at P42–44. Therefore,
rescue of cone function, rather than rod function,
could be a more realistic goal to achieve in the RCS
rat model, but in the context of previous work (Mo-
hand-Said, Hicks, Dreyfus, & Sahel, 2000) might be
accomplished as a consequence of morphological rod
rescue.Acknowledgments
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